Pressure and temperature dependence of the electronic structure of superconducting ͑SC͒ CeFeAsO 1−y and non-SC CeFeAsO 1−y have been investigated using two complementary hard x-ray spectroscopic probes at the Ce L 3 edge, partial fluorescence yield x-ray absorption spectroscopy and resonant x-ray emission spectroscopy. With increasing pressure, the ratio between the intensity of the peak related to the f 0 ͑Ce 4+ ͒ state and that of the f 1 ͑Ce 3+ ͒ state, I͑f 0 ͒ / I͑f 1 ͒, is found to increase continuously for both compounds, indicating a continuous increase in the Ce valence. The valence of non-SC CeFeAsO 1−y is found to be slightly higher than that of SC CeFeAsO 1−y in the entire pressure and temperature ranges of this study. The valence of CeFeAsO 1−y around 6 GPa, where the superconductivity breaks down, is estimated to be ϳ3.0, but no change in the valence is observed upon cooling. The dependence of the interatomic distances on the concentration of oxygen vacancies is studied via extended absorption fine structure spectroscopy.
I. INTRODUCTION
High superconducting ͑SC͒ transition temperatures ͑T C ͒ of 16-56 K have recently been reported for the compound LnFeAs͑O,F͒ ͑Ln: lanthanide͒, which belongs to the socalled 1111 family.
1,2 Superconductivity occurs through electron doping to the FeAs layer, achieved through the substitution of F to the O site. Electron-doping induced superconductivity was also reported in O-deficient LnFeAsO 1−y , synthesized by using high-pressure techniques as it cannot be obtained at normal pressure. [3] [4] [5] A study of the optimally doped LaFeAsO 0.89 F 0.11 compound under pressure showed an enhancement of T C up to 43 K at 4 GPa, while a further increase in pressure induces a decrease in T C , ultimately resulting in the suppression of superconductivity at 30 GPa. [6] [7] [8] A similar behavior was observed in LaFePO, SrFe 2 As 2 , and Fe 1.01 Se. [9] [10] [11] [12] High-pressure studies for CeFeAsO 0.88 F 0.12 , SmFeAsO 0.85 , NdFeAsO 1−y at optimum doping level, and LiFeAs, however, showed a monotonic decrease in T C under pressure. [13] [14] [15] [16] [17] A more anomalous behavior was found for some Ce-1111 systems in which the superconductivity is suddenly suppressed under pressure. This is the case for the oxygen-deficient systems CeFeAsO 1−y ͑Ref. 18͒ around 4.5 GPa and CeFeAsO 0.7 F 0.3 around 8.6 GPa. 19 Based on x-ray diffraction measurements, it has been suggested that the deviation from the tetragonal crystal structure 20, 21 as well as the reduction in the lattice parameters 22 may be the cause of the decrease in T C under pressure in the iron pnictides. Another key structural factor which is affected by the application of pressure is the pnictogen height from the FeAs plane. 23 The sudden suppression of the superconductivity in CeFeAsO 1−y under pressure however is yet to be explained, as it is not induced by a change in the crystal structure. 16, 18, 24 Non-SC CeFePO has the typical ZrCuSiAs-type crystal structure of a Ln-1111 system and shows heavy-fermion behavior. Interestingly, a relation between the hybridization of the Ce 4f states with the Fe 3d states and the quenching of the SC state was evidenced through a study of this compound using angle-resolved photoelectron spectroscopy. 25 A number of Ce compounds are characterized by an overlap between the 4f and the conduction 5d states near the Fermi level, most often resulting in mixed valence state. Application of high pressure can result in drastic modifications of this 4f-5d hybridization and in turn likely affect the Ce 4f-Fe 3d interaction. The fact that the sharp decrease in the SC transition in CeFeAsO 1−y at high pressure cannot be explained solely based on structural considerations calls for a detailed study of the pressure-induced changes in the Ce electronic structure. With this as the focus of the experiments, we performed measurements of the pressure-induced changes in the Ce valence for two systems, SC CeFeAsO 1−y and non-SC CeFeAsO 1−y . To carry this out, we used two complementary hard x-ray spectroscopic probes at the Ce L 3 edge, partial fluorescence yield x-ray absorption spectroscopy ͑PFY-XAS͒ and resonant x-ray emission spectroscopy ͑RXES͒. [26] [27] [28] [29] [30] [31] [32] The PFY-XAS technique yields spectra with sharper features than conventional absorption, offering a higher accuracy when deriving quantitative information such as the valence. We find that both the SC and the non-SC samples show a gradual increase in the valence with pressure. The valence of the non-SC sample retains a slightly higher value than that of the SC one throughout the measured pressure range. Extended x-ray absorption fine structure ͑EXAFS͒ spectroscopy at room temperature was also performed for both compounds at the Fe K absorption edge.
II. EXPERIMENTS
Polycrystalline oxygen-deficient Ce-1111 samples, SC CeFeAsO 1−y ͑T C =40 K͒ and non-SC CeFeAsO 1−y , are synthesized by high-pressure and high-temperature method. 4, 5, 33 The SC compound is considered to be optimally doped. Based on a comparison of the lattice parameters with other similar systems, 34, 35 we estimate the amount of oxygen vacancies to be y ϳ 0.1 in the SC sample and y ϳ 0 in the non-SC sample.
PFY-XAS and RXES measurements were performed at the Taiwan beamline BL12XU at SPring-8. The undulator beam was monochromatized by a pair of Si͑111͒ crystals and focused to a size of 30͑horizontal͒ ϫ 30͑vertical͒ m 2 at the sample position using a toroidal and K-B mirrors. Incident photon energies are calibrated by using metal K-absorption edges of V and Cr. Incident photon flux was estimated to be about 7 ϫ 10 11 photons/ s at 5.46 keV from the measurement by using a pin diode ͑type S3590-09͒. A Johann-type spectrometer equipped with a spherically bent Si͑400͒ crystal ͑ra-dius of about 1 m͒ was used to analyze the Ce L␣ 1 ͑3d 5/2 → 2p 3/2 ͒ and Raman emissions with a solid-state detector ͑XFlash 1001 type 1201͒. The overall energy resolution was estimated to be about 1.5 eV around the emitted photon energy of 4.8 keV. The intensities of all spectra are normalized by the incident beam intensity monitored just before the target. A closed-circuit He cryostat was used for the lowtemperature measurements. The high-pressure conditions were realized using a diamond-anvil cell with a Be gasket and the pressure-transmitting medium was silicone oil. The pressure was measured based on the Raman shift of the ruby fluorescence.
XAFS spectra were collected at Fe K-absorption edge at the beamline BL-27B of Photon Factory, High-Energy Accelerator Organization ͑KEK͒ in Tsukuba, using a Si͑111͒ double-crystal monochromator. The measurement was performed in the fluorescence mode using a seven-element solid-state detector at room temperature and ambient pressure. The EXAFS data treatment, including the background ͑i.e., self-absorption effects͒ correction by Victoreen function, was performed according to a standard procedure 36 using the program WinXAS ͑version 3.2͒. 37 Theoretical EXAFS parameters ͑e.g., phase shifts or backscattering amplitudes͒ were calculated by the program FEFF 8.20 ͑Ref. 38͒ on the basis of the crystal structure of CeFeAsO. 21 Single scattering paths of Fe-As, Fe-Fe, and Fe-Ce were taken into account on the curve fitting to calculate their coordination numbers, interatomic distances, and Debye-Waller factors. The curve fitting was carried out both in the k space ͑EXAFS oscillation spectra͒ and R space ͑Fourier-transformed spectra͒. The amplitude reduction factors ͑S 0 2 ͒ were fixed at 0.9 for all the curve fittings in order to raise the precision of other parameters. The shifts in the threshold energy ͑⌬E 0 ͒ were left free to vary while constrained to be the same for all the scattering shells.
III. RESULTS AND DISCUSSION

A. Resistivity, susceptibility, and x-ray diffraction
The pressure dependence of the resistivity and T C is shown for SC CeFeAsO 1−y in Figs. 1͑a͒ and 1͑b͒. T C is seen to decrease rapidly under pressure below 4 GPa and the resistivity drop at low temperature is getting broader as the pressure is increased. At 4.5 GPa, the drop in the resistivity at low temperature remains, below which, however, the resistivity is no longer zero. Bulk superconductivity therefore disappears at this pressure. Nonetheless, for clarity, we plot the temperature corresponding to the onset of the resistivity drop at 4.5 GPa as T C in Fig. 1͑b͒ . In contrast, in CeFeAsO 0.7 F 0.3 a sudden drop of T C was reported at 8.6 GPa, which was suggested to be a first-order transition coinciding with a 2% volume collapse. 19 In Nd-1111, no broadening of the resistivity drop was observed and T C was found to decrease more slowly than Ce-1111 under pressure. 16, 24 Since the carrier doping level is unchanged in underdoped Nd-1111 under pressure, it was concluded that the decrease in T C is caused by the lattice contraction. Based on the differences with the results obtained for Ce-1111, Takeshita et al. 18 suggested that the suppression of the superconductivity in Ce-1111 is mainly of electronic origin. In our measurement the resistivity curves show a power law; the resistivity is proportional to T 1.196 ͑50Ͻ T Ͻ 130 K͒ at 1.0 GPa, T 1.202 ͑50Ͻ T Ͻ 110 K͒ at 2.5 GPa, T 1.357 ͑32Ͻ T Ͻ 50 K͒ at 3.5 GPa, T 1.337 ͑28Ͻ T Ͻ 50 K͒ at 4.0 GPa, T 1.429 ͑28Ͻ T Ͻ 50 K͒ at 4.5 GPa, and T 2.000 ͑7.5Ͻ T Ͻ 48 K͒ at 5.5 GPa. The rightupper inset in Fig. 1͑a͒ shows the T 2 dependence of the resistivity at 5.5 GPa for SC CeFeAsO 1−y . In the pressure range where no superconductivity is observed, the system interestingly shows Fermi-liquid ͑FL͒ behavior. A similar behavior was observed for the chemical composition dependence of BaFe 2 ͑As 1−x P x ͒ 2 . 39 In the SC state, the resistivity showed a striking deviation from the FL behavior observed in the non-SC state. The FL behavior indicates the importance of the umklapp process when dealing with electronelectron scattering. 2 Figures 1͑c͒ and 1͑d͒ show the magnetic susceptibility at low temperature. For SC CeFeAsO 1−y diamagnetic behavior is clearly observed. The sharp drop of the susceptibility for both the zero-field cooling ͑ZFC͒ and the FC in SC CeFeAsO 1−y corresponds to the onset of superconductivity while in non-SC CeFeAsO 1−y no diamagnetic behavior is observed. From the Curie-Weiss fit for the FC susceptibility of non-SC CeFeAsO 1−y at 20Ͻ T Ͻ 45 K the Weiss temperature and effective magnetic moments are estimated to be −8.07 K and 2.18 B , respectively. The magnetic susceptibility is dominated by the localized Ce 3+ moments. 40 But the value of the susceptibility is slightly smaller than the calculated 2.54 B for Ce 3+ according to the Hund theory. This result, along with the negative Weiss temperature, is indicative of the occurrence of f-d hybridization for Ce.
Using x-ray diffraction, the lattice parameters are estimated to be a = 3.990 Å and c = 8.639 Å for SC CeFeAsO 1−y , and a = 4.005 Å and c = 8.642 Å for non-SC CeFeAsO 1−y . In NdFeAsO 1−y Eisaki et al. 33 showed that T C depends on the oxygen content through the variation in the a-axis length. They estimated a boundary of a = 3.964 Å between the SC and non-SC states with a smaller a-axis length favoring the SC state. For LnFeAsO 0.7 ͑Ln = Sm, Gd, Tb, and Dy͒ with fixed oxygen content, Miyazawa et al. 5 found the same trend for the relation between T C and the a-axis length. Finally, in LaFeAsO 1−y a similar result reported that superconductivity disappears at a Ͼ 4.03 Å. 41 Our results on CeFeAsO 1−y are therefore consistent with all these previous reports on the Ln-1111 systems.
B. EXAFS
We investigated the structure of both compounds using EXAFS, which provides site-selective information about the local atomic structure around a selected absorbing atom through photoelectron scattering. Figure 2͑a͒ shows the x-ray absorption near edge structure ͑XANES͒ spectra at the Fe K absorption edge for SC CeFeAsO 1−y and non-SC CeFeAsO 1−y at room temperature and ambient pressure. Figures 2͑b͒ and 2͑c͒ show the EXAFS spectra as a function of k ͑Å −1 ͒ and their corresponding Fourier transforms ͑FTs͒, respectively. The structural parameters obtained from the fits are summarized in Table I . We assume that the coordination arrangement around Fe is unchanged and thus the coordination number for Fe-As, Fe-Fe, and Fe-Ce remains equal to 4, according to the crystal structure of CeFeAsO. 21 The interatomic distances in Table I are the distances from the center Fe atom shown in Fig. 2͑d͒ . Three significant peaks are observed at around R + ⌬ = 2.0, 2.5, and 3.2 Å in the FT spectra, corresponding to the As, Fe, and Ce shells. The interatomic distances Fe-As and Fe-Ce are found to be smaller for non-SC CeFeAsO 1−y than SC CeFeAsO 1−y . We note that the difference of the Fe-Fe distance between the SC and the non-SC samples is on par with the error of the measurement. The opening angle at the top of the Fe 4 As tetrahedron is estimated to be 113.2°for SC CeFeAsO 1−y and 115.33°for non-SC CeFeAsO 1−y by using the relation of ␣ = − 2 cos −1 ͑d Fe-Fe / ͱ 2d Fe-As ͒, where d is the distance between the atoms. 42 The Fe-As-Fe angle of the SC CeFeAsO 1−y is closer to the perfect tetrahedron angle of 109.5°than that of the non-SC CeFeAsO 1−y , as suggested by Lee et al. 20 The vertical height of As from the Fe-Fe plane is about 1.31 Å for SC CeFeAsO 1−y and 1.26 Å for non-SC CeFeAsO 1−y . Our results are consistent with the idea that T C is maximum around the pnictogen height of 1.38 Å in the Fe-based SC. 23, 43 We note that there is considerable difference in the Debye-Waller factors, i.e., local fluctuation of bond lengths, on Fe-Fe and Fe-As bonds. The peak amplitude of the EXAFS-FT spectra is mainly related both to the coordination number and to the Debye-Waller factors. We have assumed that the local arrangement ͑=coordination number͒ around the Fe atom is unchanged regardless of the sample type, meaning that the observed differences in the EXAFS-FT amplitude on Fe-Fe and Fe-As shells originate mainly in the differences in Debye-Waller factors. Here we found that the Debye-Waller factor for the Fe-Fe bond is larger in the SC sample than in the non-SC sample at room temperature while that of As shows an opposite trend. The difference in DebyeWaller factor potentially originates either in the typical harmonic thermal vibration or the anharmonic vibration. Nonetheless, it was shown using nuclear resonant inelastic scattering on SC LaFeAsO 0.89 F 0.11 and non-SC LaFeAsO that phonons are not the main mechanism that determines T C . 44 The structural effects mentioned above, along with the electronic effects discussed in the next two sections, are seemingly more relevant to the superconductivity. Figure 3͑a͒ shows the PFY-XAS spectra obtained at ambient pressure for both SC and non-SC CeFeAsO 1−y with an enlarged inset figure of 4f 0 part. The intensity is normalized to the white line. In Fig. 3͑b͒ the difference of the intensities for two samples is shown. The spectra show that both compounds are in the weakly mixed valence states, with the main component Ce 3+ ͑4f 1 ͒ at E in = 5727 eV, and small fractions of Ce 2+ ͑4f 2 ͒ at E in = 5719 eV and Ce 4+ ͑4f 0 ͒ around E in = 5740 eV, where E in is the incident photon energy. At ambient pressure the intensity of the 4f 0 and 4f 1 components in the spectrum of non-SC CeFeAsO 1−y are observed to be, respectively, slightly higher and wider than those in SC CeFeAsO 1−y . To extract the intensity ratios of the different f components we have analyzed the PFY-XAS and RXES spectra.
C. PFY-XAS and RXES: Ambient conditions
26-31 Figure 4 shows examples of the fits for ͑a͒ the PFY-XAS spectrum and ͑b͒ the RXES spectrum at E in = 5719 eV measured for SC CeFeAsO 1−y at 300 K. In the PFY-XAS spectra after subtraction of an arctangentlike ͑asymmetrical double sigmoid͒ function corresponding to the continuum excitations, two Voigt functions are used to fit the f 1 ͑Ce 3+ ͒ and the f 2 ͑Ce 2+ ͒ components. In the fit of the RXES spectra, we use a total of four Voigt functions for f 1 and f 2 . We estimated the mean valence by using the formula
The RXES spectra measured on SC CeFeAsO 1−y and non-SC CeFeAsO 1−y as a function of the incident energy across the Ce L 3 absorption edge are shown in Fig. 5 with the corresponding PFY-XAS spectra. The vertical offset of the RXES spectra in the panels ͑b͒ and ͑f͒ of Fig. 5 is scaled to the incident energy axis of the PFY spectra in the panels ͑a͒ and ͑e͒. The contour intensity maps of the RXES spectra are presented in the panels ͑c͒ and ͑g͒ of Fig. 5 . Below the absorption edge we clearly observe the Raman like Ce 2+ and Ce 3+ peaks which remain at constant transfer energy. Above the edge, these progressively vanish at the expense of the fluorescence signal which shifts toward higher transfer energies when increasing the incident energy. Each spectrum is fitted with three components corresponding to the Raman 2 + and 3+ and the fluorescence as described above, and the results are shown in the panels ͑d͒ and ͑h͒ of Fig. 5 . We note that the fit of the Ce 4+ ͑f 0 ͒ component is rendered difficult because of its small intensity and the overlap with the strong fluorescence peak. We therefore chose to ignore this component in the fit.
D. PFY-XAS and RXES: Pressure and temperature dependences
The pressure dependence of the PFY-XAS spectra measured for SC CeFeAsO 1−y and non-SC CeFeAsO 1−y at 300 K is shown in Figs. 6͑a͒ and 6͑b͒ , respectively. The PFY-XAS spectra are normalized by their own area after subtracting a constant background. We observe that, with increasing pressure, the intensity of f 1 decreases, while that of f 0 increases, and the ratio of f 0 to f 1 increases gradually. In the RXES spectra at E in = 5719 eV ͑not shown here͒ the changes in f 2 are small and the intensity ratio of f 2 to f 1 is found to increase slowly. Thus, the relative intensity of f 1 compared with those of f 0 and f 2 decreases with pressure. We estimated the mean valence as a function of pressure using the same fitting procedure for the PFY-XAS spectra as described in Sec. III C. The corresponding results are shown in Fig. 6͑c͒ . The valence increases steadily with pressure for both samples and the valence of non-SC CeFeAsO 1−y remains slightly higher than that of SC CeFeAsO 1−y throughout the pressure range of this study.
It is noteworthy that the valence of SC CeFeAsO 1−y around 4.5 GPa, where the superconductivity vanishes, reaches a value of 3.0, which is equal to the valence of the non-SC sample at ambient pressure. This suggests that the value of 3.0 may be regarded as the upper limit on the Ce valence for superconductivity to occur in CeFeAsO 1−y . Sun et al. 19 proposed the Ce ␥ → ␣ phase transition and the concomitant increase in the valence fluctuations as the origin of the disappearance of superconductivity. But our results show that the valence increases continuously for both non-SC and SC samples, and that the superconductivity disappears in SC CeFeAsO 1−y without a phase transition. In the cuprate high-T C superconductor of YBa 2 Cu 3 O 7 , Pr substitution to the Y site suppresses the superconductivity. 29 The most commonly accepted idea is that the Pr-O hybridization destroys the superconductivity by binding the superconducting holes from the CuO 2 planes to tetravalent Pr sites. The situation could be similar for CeFeAsO 1−y , where the pressureinduced increase in the Ce valence indicates an increased supply of electrons to the FeAs superconducting layer, likely resulting in overdoping and ultimately the suppression of superconductivity.
The pressure dependence of the lattice parameters has been previously reported for NdFeAsO 1−y . 22 The parameters a and c decrease monotonically with pressure as well as the bond distances Fe-As, Nd-O, and Nd-As, while the changes in the As-Fe-As and Nd-O-Nd angles are very small, indicating that the crystal shape is maintained under pressure. A similar pressure dependence of the structure for CeFeAsO 1−y is very likely with a monotonic lattice contraction causing the decrease in the pnictogen height and a negligible deviation from the tetragonal crystal structure. Based on band calculations with the local-density approximation and dynamical mean-field theory, it was showed that in LnFeAsO for Ln = Pr, Nd the 4f states did not interact with the Fe 3d band, whereas for Ln = Ce the 3d-4f hybridization was sufficiently strong for the Kondo screening of the 4f local moment to occur, possibly resulting in an enhancement of the valence fluctuations. 45, 46 Under high pressure an exponential increase in the Kondo temperature ͑T K ͒ was predicted, T K becoming comparable to T C above 10 GPa. The band calculations qualitatively agree with our results that 3d-4f hybridization occurs in CeFeAsO 1−y and increases with pressure. On the other hand, in the La-1111 system, which is considered not to show valence fluctuations, the enhancement of T C was observed up to 4 GPa while a further increase in the pressure resulted in the gradual decrease in T C . [6] [7] [8] 17 Here we suggest that the superposition of the pressure-induced effects of the enhanced Ce hybridization and of the lattice contraction is responsible for the accelerated suppression of the superconductivity in the Ce-1111 system under high pressure compared with other Ln-1111 systems. Figure 7 shows the temperature dependence of the PFY-XAS spectra for both samples with the estimated valences. No temperature dependence of the valence is observed for both samples, in agreement with the absence of temperature dependence of the crystal structure and bond distance previously reported in LnFeAsO 1−y . 20, 47 IV. CONCLUSION We have performed an x-ray spectroscopic study on SC CeFeAsO 1−y and non-SC CeFeAsO 1−y by combining PFY-XAS, RXES, and EXAFS. The Ce valence of non-SC CeFeAsO 1−y retains a slightly higher value than that of SC CeFeAsO 1−y throughout the measured pressure and temperature ranges. The valence is found to increase monotonically with pressure for both samples. An upper limit of 3.0 is suggested for the valence, beyond which the superconductivity is suppressed. Our results imply that it is the combination under pressure of both the lattice contraction and the increased hybridization that may be responsible for the sudden suppression of the superconductivity at 4.5 GPa in CeFeAsO 1−y . Supporting this idea, is the progressive decrease in T C previously reported in NdFeAsO 1−y , a system known to have a relatively weak 3d-4f hybridization. No temperature dependence of the valence is observed for both samples, in agreement with the nearly constant lattice parameters reported for NdFeAsO 1−y upon cooling. 
